Human mesenchymal stromal cell (MSC) lines can vary significantly in their functional characteristics, and the effectiveness of MSCbased therapeutics may be realized by finding predictive features associated with MSC function. To identify features associated with immunosuppressive capacity in MSCs, we developed a robust in vitro assay that uses principal-component analysis to integrate multidimensional flow cytometry data into a single measurement of MSC-mediated inhibition of T-cell activation. We used this assay to correlate single-cell morphological data with overall immunosuppressive capacity in a cohort of MSC lines derived from different donors and manufacturing conditions. MSC morphology after IFN-γ stimulation significantly correlated with immunosuppressive capacity and accurately predicted the immunosuppressive capacity of MSC lines in a validation cohort. IFN-γ enhanced the immunosuppressive capacity of all MSC lines, and morphology predicted the magnitude of IFN-γ-enhanced immunosuppressive activity. Together, these data identify MSC morphology as a predictive feature of MSC immunosuppressive function.
Human mesenchymal stromal cell (MSC) lines can vary significantly in their functional characteristics, and the effectiveness of MSCbased therapeutics may be realized by finding predictive features associated with MSC function. To identify features associated with immunosuppressive capacity in MSCs, we developed a robust in vitro assay that uses principal-component analysis to integrate multidimensional flow cytometry data into a single measurement of MSC-mediated inhibition of T-cell activation. We used this assay to correlate single-cell morphological data with overall immunosuppressive capacity in a cohort of MSC lines derived from different donors and manufacturing conditions. MSC morphology after IFN-γ stimulation significantly correlated with immunosuppressive capacity and accurately predicted the immunosuppressive capacity of MSC lines in a validation cohort. IFN-γ enhanced the immunosuppressive capacity of all MSC lines, and morphology predicted the magnitude of IFN-γ-enhanced immunosuppressive activity. Together, these data identify MSC morphology as a predictive feature of MSC immunosuppressive function.
immunosuppression | mesenchymal stromal cells | morphology | high-content imaging | interferon-gamma H uman mesenchymal stromal cells (MSCs) can potently suppress immune responses in vitro and in animal models of human disease (1, 2) , but to date MSC-based therapies have produced mixed results in clinical trials for treatment of inflammatory and autoimmune diseases (3, 4) . A major challenge in the development of consistently effective MSC-based immunosuppressive therapies is that MSC lines derived from different donors and manufacturing processes (i.e., cell expansion) can possess markedly dissimilar immunosuppressive function (3, 5, 6) . Although methods exist to assess MSC immunosuppression in vitro, they are often based on only a few measured outcomes, assay culture conditions, and donor MSC samples (5, (7) (8) (9) . To improve upon these methods, we developed an experimental and analytical approach to quantify MSC-mediated immune suppression using principal-component analysis (PCA) to integrate multiple measurements of T-cell activation assessed at a range of MSC densities. This approach allowed us to determine a single value for immunosuppressive capacity for MSC lines derived from two different manufacturing processes and 13 independent donors.
Another major challenge associated with MSC-based immune therapies is the lack of well-defined predictive markers to identify MSC lines with therapeutically relevant biological activities or manufacturing processes that produce more effective MSCbased products. Efforts have been made to identify MSC quality attributes associated with immunosuppression (6, 7) , but the majority of clinical studies (10) rely upon the surface markers described by Dominici et al. (11) . Having previously shown that morphology can predict MSC mineralization capacity (12) , we hypothesized that morphological features associated with immunosuppression in MSCs could be identified and used to predict their performance in our quantitative immunosuppression assay.
Using our quantitative method for assessing the overall immunosuppressive capacity of MSCs, we identified and quantified differences in immunosuppression related to donor and passage. Additionally, we used this assay to demonstrate consistent enhanced immunosuppression for MSC lines that were stimulated with IFN-γ, as has been reported previously (8, 13, 14) . Using high-content imaging of MSCs following IFN-γ stimulation, morphological features were identified that significantly correlated with immunosuppressive capacity and predicted the immunosuppressive capacity of other MSC and non-MSC lines, as well as the effects of IFN-γ pretreatment on immunosuppressive capacity. These findings highlight MSC morphology as an attribute associated with immunosuppressive capacity and provide additional evidence that morphological profiling can be used to predict MSC in vitro function (12, (15) (16) (17) .
Results

PCA Permits Quantitative Assessment of Overall MSC Immunosuppressive
Capacity. To quantify the immunosuppressive capacity of MSC lines, 10 5 peripheral blood mononuclear cells (PBMCs) from a heathy human donor (PBMC donor 1, "PBMC1") were stimulated with T-cell-activating beads for 3 d in the presence of increasing concentrations of MSCs. PBMCs were then collected, and activation was assessed in CD4 + and CD8 + T cells by flow cytometry-based measurements of proliferation [carboxyfluorescein succinimidyl ester (CFSE) dilution], secretion of the proinflammatory cytokines Significance Substantial evidence exists demonstrating the immunosuppressive function of mesenchymal stromal cells (MSCs), but inconsistent clinical results suggest that better understanding of MSC-mediated immunosuppression and identification of features predictive of immunosuppressive capacity would advance MSC-based therapeutics. In this work, we present a robust analytical approach to quantify the immunosuppressive capacity of MSCs by integrating high-dimensional flow cytometry data from multiple experimental conditions into a single measure of immunosuppressive capacity. Additionally, we identified morphological features of MSCs that predicted immunosuppressive capacity, as well as the magnitude of IFN-γ-mediated immunosuppression enhancement. These improved methods of MSC characterization could be used to identify MSC preparations with desired immunosuppressive capacity, as well as screen for pretreatments that enhance their immunosuppressive function.
IFN-γ and tumor necrosis factor-α (TNF-α), and surface expression of the activation marker CD25 (Fig. 1) . Our initial studies were carried out using early-passage cells (passage 3) from six independent MSC lines (three each from two independent commercial sources; see Table S1 for descriptions of all cell lines used). MSCs from all cell lines suppressed activation of CD4 + and CD8 + T cells in a dose-dependent manner, although the extent of suppression varied among MSC lines (Fig. 1) . We observed that the relative magnitude of immunosuppression mediated by MSC lines differed between T-cell activation measurements (Fig. 1) . Whereas proliferation was maximally reduced by 80-90% in CD4
+ and CD8 + cells by the highest concentrations of MSCs (Fig. 1 , % CFSE Diluted), the frequency of CD25
+ cells was only reduced by 20-40% for the same cell concentrations (Fig. 1, % CD25 + ). Additionally, the relative ranking of MSC lines in our cohort based upon magnitude of immunosuppression differed between T-cell activation measurements as well as between MSC concentrations. For example, MSC line PCBM1632 had the greatest observed suppression of T-cell proliferation for both CD4 + and CD8 + cells at the majority of cell densities (Fig. 1 , % CFSE Diluted), but this was not the case for the percentage of IFN-γ-producing cells at multiple cell densities (Fig. 1, % IFN-γ   + ). Furthermore, cell density had a dramatic effect on the observed ranking of MSC immunosuppressive capacity based on percentage of TNF-α-producing CD4
+ T cells where PCBM1632 had the most significant reduction at the lowest cell density, but at the highest cell density had one of the least significant reductions in TNF-α production (Fig. 1 , % TNF-α + ). Finally, we observed that low cell densities could enhance rather than inhibit some activation parameters above that of positive controls (>100% activation), especially IFN-γ secretion among CD4 + T cells (Fig. 1, % IFN 
. Therefore, using data from a single T-cell activation measure or from a single MSC concentration to quantify immunosuppressive capacity could lead to spurious conclusions.
To address these issues, we developed an analytical approach that incorporates various measures of T-cell activation and integrates data obtained from multiple MSC concentrations into a single value representing a given MSC line's overall immunosuppressive capacity ( Fig. 2A) . The initial step in this approach uses unsupervised PCA to effectively reduce the dimensionality of the T-cell activation response and determine a composite variable for overall T-cell activation. A total of 16 activation variables [% CFSE diluted, % CD25 + , % IFN-γ + , % TNF-α + , and associated median fluorescence intensity (MFI) values for each marker for both CD4 + and CD8 + T cells] were used to construct principal components ( Fig. 2A) . All replicates of both control and experimental conditions were used for PCA. When the overall experimental results were plotted in PC space (Fig. 2B) , we observed that positive and negative T-cell activation controls clearly separated along principal component 1 (PC1), and experimental conditions fell between the positive and negative controls. The extent of T-cell activation observed in samples containing the lowest concentration of MSCs is nearly indistinguishable from positive control samples, but as the concentration of MSCs increases, samples cluster farther away from the positive controls and toward negative controls (Fig. 2B) . PC1 accounted for 60-80% of the observed variance in all experiments using PBMCs from a single donor, suggesting that PC1 is a suitable measurement of overall T-cell activation (Fig. 2B) .
Cell Line-and Passage-Dependent Differences in MSC Immunosuppression.
Using PC1 as a composite variable for T-cell activation, we developed an area-under-curve (AUC) analysis to incorporate T-cell activation data from multiple MSC concentrations into a single value representing a given MSC line's overall immunosuppressive capacity. PCA using all available data were used to determine the composite T-cell activation value PC1, which was then transformed relative to control samples and plotted vs. MSCs per well (Fig. 2C) . The AUC for each MSC line/passage group was calculated using the average transformed PC1 value for each concentration of MSCs (SI Materials and Methods). immunosuppressive assays were performed in parallel with earlyand late-passage MSCs ( Fig. 3 ) to identify morphological features associated with immunosuppression. The overall morphological signatures of six MSC lines under control and IFN-γ-stimulated conditions (10 and 50 ng/mL) were determined using both unsupervised (A) and supervised (B) PCA (Fig. 4 A and B) . Unsupervised PCA used all 558 morphological features, whereas supervised PCA used a subset of 21 features (Fig. 4 , top right table) found to be significantly different (P < 0.0001) between unstimulated (0 ng/mL IFN-γ) and stimulated groups for all cell lines. The mean of PC1 was significantly different (P < 0.0001) between both concentrations of IFN-γ and the unstimulated group for both unsupervised ( Fig. 4C ) and supervised (Fig. 4D ) PCA. Moreover, there was no significant difference between the overall morphological profiles of MSCs cultured in 10 and 50 ng/mL IFN-γ. Representative cell images from a single MSC line for each condition illustrate the characteristic morphological changes observed upon IFN-γ stimulation, for example, increase in cell and nuclear aspect ratio/eccentricity, decrease in cell and nuclear form factor (Fig. 4E) . Fig. 4F further highlights the distinct separation in the overall single-cell morphological profiles of unstimulated and stimulated MSCs using PC1, but also reveals the existence of single-cell heterogeneity within each population.
Morphological Features of MSCs After IFN-γ Stimulation Correlate
with Immunosuppressive Capacity. Having confirmed that MSCs alter their overall morphology upon IFN-γ stimulation, we sought to identify morphological features that correlated with our immunosuppression results and could be used to predict a given MSC line's overall immunosuppressive capacity. In the absence of IFN-γ stimulation, no morphological features of MSCs correlated well with immunosuppressive capacity. In contrast, we found that multiple morphological features of IFN-γ-stimulated MSCs were significantly correlated with immunosuppressive capacity (Fig. 5) . For both concentrations of IFN-γ, similar correlation trends were observed for five cellular features (perimeter, form factor, maximum feret diameter, nucleus/cytoplasm ratio, and Δminor axis Fig. 3 . Multiple MSC lines from independent donors are culture expanded and seeded for simultaneous morphological assessment and immunosuppressive capacity using a coculture assay with human PBMCs. For morphological assessment, MSCs are precultured for 24 h in control growth medium and then exposed to 0, 10, and 50 ng/mL IFN-γ medium for 24 h. After 24 h, cells are fixed and analyzed for high-dimensional cellular (FITC-maleimide, green) and nuclear (Hoechst, blue) morphological features, and a characteristic morphological signature is obtained for each MSC line sample. Lines demarcate cell and nuclear boundaries identified in image analysis. These morphological signatures are then correlated with AUC values to identify morphological features that can predict MSC immunosuppressive capacity. length). Of particular note, the differential feature Δminor axis length cell was positively correlated with AUC, as a larger Δminor axis length cell for a given MSC sample was associated with higher AUC values and thus lower immunosuppressive capacity. Previously, we observed that this differential feature correlated similarly with osteogenic potential as larger Δminor axis length cell was associated with the absence of mineralization (12) . The three morphological features most significantly correlated with immunosuppressive capacity are presented in Fig. 5B in the form of 4D graphs. MSC lines with high immunosuppressive capacity (low AUC values) clustered in the region that corresponds to a morphological profile of low cell perimeter, low cell maximum feret diameter, and high nucleus/cytoplasm ratio after IFN-γ stimulation (Fig. 5B) . A linear regression model constructed using these three features was significantly correlated with immunosuppression ( Fig. S1 , P < 0.0001, R = 0.78), whereas a model made using the same three features in unstimulated controls did not correlate with immunosuppressive response ( MSC Morphology After IFN-γ Stimulation Predicts Overall Immunosuppressive Capacity. We sought to corroborate our initial findings using new MSC lines and with PBMCs isolated from a different donor (Table S2) . Because the susceptibility of T cells to MSC-mediated suppression can differ between individuals (8, 20), we tested several MSC lines with PBMCs from both donors and used these results to normalize AUC values obtained from experiments using PBMCs from our second donor (PBMC2). T cells from PBMC2 were more susceptible to MSC-mediated immune suppression, as AUC values for MSC lines tested with PBMC2 cells were consistently lower than AUC values obtained when the same MSC lines were tested with T cells from PBMC1 (Fig. S2) .
Following normalization of the AUC values between experimental datasets (Fig. S2) , AUC values for the validation dataset also demonstrated high correlation (Fig. 6A) with the top three morphological features identified from the test dataset (cell perimeter, nucleus/cytoplasm ratio, max feret diameter). Predicted AUC values were calculated for the validation dataset using the model constructed from the test dataset (Fig. S1 ) and compared with the actual experimental AUC values. We found that AUC values predicted by the model were highly correlated with AUC values obtained experimentally (Fig. 6B , P < 0.001, R = 0.72 for AUC pred vs. AUC exp ), and closely followed the line of unity. This correlation of predicted vs. experimental AUC values was evident across the full dynamic range of immunosuppressive capacity (Fig. 6C) .
Although these morphological features were useful predictors for immunosuppression with MSC lines expanded using our standard conditions [α-MEM with 16.6% (vol/vol) lot-selected FBS], they did not effectively predict the immunosuppressive capacity of MSCs expanded by a different process [RoosterBio Table S2 (RB) MSC lines, Table S3 ], and none of the predictive morphological features previously identified (cell perimeter, nucleus/ cytoplasm ratio, and maximum feret diameter) correlated with AUC values in RB MSC lines (Fig. S3A) . Instead, unique morphological features were found to correlate with immunosuppression in RB MSC lines: differential nuclear morphological features extent, form factor, and minimum feret diameter (Fig.  S3B) . Although the same characteristic morphological change upon IFN-γ stimulation was observed as with the other cell lines (increase in aspect ratio and decrease in nucleus/cytoplasm ratio), this finding suggests that predictive morphological features may differ depending on the manufacturing process. 6F ). Although this enhancement in immunosuppression could be predicted by noting the difference in the panel of morphological features in Fig. 4 , we sought to correlate the magnitude of this enhanced immunosuppression due to IFN-γ stimulation with MSC morphology. We found that Δmajor axis length nucleus,10-0 and Δperimeter nucleus,10-0 were highly correlated with IFN-γ-induced enhancement of immunosuppression and could potentially be used to predict the effects of other soluble factor pretreatments ( Fig. 6 G and H) . Of note, both features exhibited consistent correlative trends to other differential features in that a greater response to IFN-γ (i.e., increased Δmajor axis length nucleus and Δperimeter nucleus ) correlated with a smaller increase in immunosuppression. These results suggest that morphological profiling can predict not only a given MSC line's inherent immunosuppressive capacity, but also the magnitude of IFN-γ-mediated enhanced immunosuppression.
Discussion MSC-based cellular therapies continue to be the subject of intense research despite a lack of clearly demonstrated clinical effectiveness in treating inflammatory disorders (2, 4). A major contributor to these inconsistent clinical outcomes may be the inherent variability in the immunosuppressive capacity of MSC lines due to differing tissues of origin, manufacturing processes, and donor-specific differences (10, (21) (22) (23) . Although this functional heterogeneity is well known, no reliable predictors of MSC immunosuppressive capacity have been identified (3, 24) . Another significant challenge facing development of MSC-based therapies is the lack of well-defined, robust assays for assessing their immunosuppressive function. Current assays for assessing MSC immunosuppressive capacity exist; however, they often rely on quantification of only a few markers in a single culture condition (8, 9, 20) . Based on these limitations, we developed a robust, quantitative method of assessing the immunosuppressive capacity of human bone marrow-derived MSCs and further demonstrated that morphological features of IFN-γ-stimulated MSCs can be used to predict their overall immunosuppressive capacity. Criteria for a standardized immunosuppressive capacity assay for MSC-based products have been suggested (5, 6), but a specific protocol for quantification of immunosuppressive capacity has not yet gained wide acceptance. Measuring the activation of T cells stimulated in the presence or absence of MSCs in vitro is a commonly used assay for assessing the effects of stimulatory and inhibitory factors on MSC-mediated immune suppression; however, this approach is rarely used to compare the inherent immunosuppressive capacity of MSC lines, and interexperimental variability can make it difficult to reliably distinguish between MSC lines with similar immunosuppressive capacities (5). Although T-cell proliferation is often used to measure activation in MSC immunosuppression studies, other measures of activation such as cytokine secretion and up-regulation of growth factor receptors like CD25 more directly assess activated T-cell effector functions (25, 26) . In this study, we assessed cytokine secretion (IFN-γ and TNF-α) and CD25 expression in addition to proliferation in both CD4
+ and CD8 + T cells activated in the presence of MSCs (Fig. 1) . We found that considering only a single activation measurement to compare immunosuppressive capacity could lead to erroneous conclusions, as the magnitude of suppression differs between activation measurements, and suppression of some activation measurements could be observed at lower MSC concentrations than others (Fig. 1) .
To avoid some of these limitations, we developed a method for quantifying the overall immunosuppressive capacity of MSC lines that is robust to interexperimental variability. For each experiment, we generated a composite T-cell activation variable from multiple activation measurements, allowing information regarding effector functions and proliferation to be incorporated into a single measure of global T-cell activation ( Fig. 2 A and B) . Similar to other studies, we observed that the magnitude of Tcell responses to stimulation can differ substantially between independent PBMC donors (27, 28) , and when multiple measurements of T-cell activation are considered, each independent PBMC donor shows a unique profile of T-cell activation. By using PCA to produce a composite activation variable specific to the PBMC donor in a given experiment, our method accounts for these unique profiles by considering each activation measurement in an unbiased manner and incorporating those with the most variation into the first principal component (PC1; Fig. 2A ). The presence of these unique activation profiles can be observed when data collected from two individual PBMC donors are used together to construct principal components, as PC1 explains much of the variation due to MSC-mediated immune suppression, whereas the second principal component separates the results by PBMC donor (Fig. S4) . Using an unbiased composite measurement of T-cell activation rather than a single measurement reduces the impact of PBMC donor-specific variability that can impede interexperimental comparisons.
Our method for quantifying the immunosuppressive capacity of MSC lines also integrates data from multiple concentrations of MSCs using an AUC analysis. Incorporating data from a dynamic range of immunosuppression for each MSC line provides a robust and repeatable measurement of immunosuppressive capacity for a given MSC line and avoids any dubious conclusions about the relative immunosuppressive capacity of MSC lines that could be made when only one or a few MSC concentrations are considered. For some MSC lines, we observed an enhancement of T-cell activation at low MSC concentrations even though higher concentrations of MSCs from the same line showed clear immunosuppression (Fig. 2C) . This enhancement has been observed by others as well, and its incorporation into the AUC gives a broader measure of the immunosuppressive capacity of a given MSC line that may have biological relevance in some in vivo scenarios where MSCs present in small numbers could potentially increase rather than decrease inflammatory symptoms (27, 29) . The AUC for a given MSC line differed between experiments in which independent PBMC donors were used due to donor-specific differences in T-cell susceptibility to MSC-mediated immune suppression (Fig. S2) . However, although the absolute AUC value for a given MSC preparation differed when independent PBMC donors were used, the relative value of MSC lines in our cohort was generally consistent regardless of the PBMC source (Fig. S2) . These results suggest that the presence of a "reference" immunosuppressive cell line in each experiment would be beneficial to make direct comparisons of MSC lines tested in different experiments (8) . A similar strategy could also facilitate comparing experimental results from different laboratories by using results obtained for shared "cell reference materials" to normalize results between laboratories (5, 30). Although we limited our experiments to MSC-mediated suppression of T cells in this study, this multivariate PCA/AUC approach could be adapted for the study of MSC-mediated suppression of other types of immune cells, such as B cells or monocytes.
MSC-mediated immunosuppression is commonly measured using only proliferation in CD4
+ T cells, with many studies measuring suppression at only a few MSC:T-cell ratios. We therefore chose to compare our comprehensive AUC approach to the more commonly used approach assessing only proliferation in CD4 + T cells (Fig. S5) . Using data combined from multiple experiments, we correlated AUC values with percentage suppression calculated using only CFSE dilution among CD4 + T cells from these same experiments. Although CFSE dilution from some cell densities correlated moderately with AUC (R 2 = 0.58 for 2,000 MSCs per well, R 2 = 0.70 for 5,000 MSCs per well; R 2 = 0.61 for 10,000 MSCs per well), CFSE dilution alone was unable to account for all of the variation in immunosuppressive capacity observed by the AUC metric (Fig. S5) . Therefore, although less comprehensive measures of MSC-mediated immunosuppression are appropriate for detecting qualitative differences in immunosuppressive capacity among MSC lines, studies using such methods will have reduced power to detect quantitative differences or differentiate between MSC lines with comparable immunosuppressive capacities.
Our AUC results demonstrate that immunosuppressive capacity decreases with passage for each MSC line and provides a comprehensive and quantitative description of that difference (Fig. 2D) . We observed that even the least-immunosuppressive early-passage MSC line showed better suppression than the most-suppressive late-passage MSC line, and the combined cohort of early-and late-passage lines provided a large dynamic range of immunosuppressive capacity. The immunosuppression results collected in this study encompass data on MSC lines produced from three different commercial sources and includes donor-matched suppression results from both early-and late-passage cells as well as unstimulated and IFN-γ-treated conditions. This study contains a substantial amount of information from characterization of in vitro MSC-mediated immunosuppression, which may be important for future correlational studies looking for other predictive factors associated with immunosuppressive capacity, including gene expression and secretome analyses.
Concomitant with the challenges of effectively characterizing the overall immunosuppressive capacity of MSCs is the inability to identify cell characteristics that can effectively predict this behavior in vitro and in vivo. We previously demonstrated that early morphological features can serve as predictors of MSC mineralization capacity (12) and sought to extend this predictive characterization to immunosuppressive capacity by assessing MSC morphology in culture conditions relevant to MSC-mediated immune suppression. We chose to investigate the morphological response of MSCs to the cytokine IFN-γ as it is abundant at sites of inflammation, enhances the immunosuppressive function of MSCs, and is required for optimal MSC-mediated immunosuppression in some animal disease models (13, 31, 32) . We found that, upon IFN-γ stimulation, all MSC lines adopted morphological phenotypes distinct from unstimulated MSCs, with IFN-γ-stimulated MSCs displaying increased elongation (increased aspect ratio/eccentricity), increased complexity (decrease in form factor and solidity), and lower nucleus/cytoplasm ratios, all within 24-h stimulation.
IFN-γ receptors signal in part through the JAK-STAT pathway, which mediates transcriptional changes through translocation of STAT proteins into the nucleus (33) . Evidence of IFN-γ-stimulated morphological changes has been found in the case of monocytes where enhanced actin polymerization was observed in the presence of IFN-γ (34) . In other cell types (HepG2 and HeLa), differences in cell adhesion signaling (drug and matrix-induced) that led to adoption of distinct morphologies were discovered to significantly impact IFN-γ signaling as actin cytoskeletal arrangement was directly linked to STAT1 dephosphorylation (35) . This suggests that morphology not only serves as a phenotypic readout for IFN-γ treatment, but could also play a direct role in the magnitude of the MSC immunosuppression response as IFN-γ signaling promotes production of immunomodulatory factors such as indoleamine 2,3-dioxygenase, prostaglandin E 2 , and IL-6 (20, 36, 37) .
MSCs in coculture with PBMCs are exposed to T-cell-derived IFN-γ (as flow cytometry confirmed), and their ability to suppress T-cell activation was highly correlated with their morphology after 24 h of IFN-γ treatment. This correlation was demonstrated with six independent MSC lines at both early and late passages, and prediction models constructed with morphological data from these experiments were able to corroborate and accurately predict the immunosuppressive capacity of additional untested MSC lines from multiple donors (and a control fibroblast cell line). Although increase in cell size with extended culture has been widely observed for MSCs (12, (38) (39) (40) , overall cell area alone was a poor predictor of immunosuppression (P > 0.11) and assessment of more subtle cell morphological features upon IFN-γ stimulation (perimeter, maximum feret diameter, and form factor) better predicted overall immunosuppression (Fig. 5) . This further underscores the importance of designing functionally relevant morphological profiling tools based on the context of the assay, that is, extracting information about MSC immunosuppression by observing morphology in response to a stimulus (IFN-γ) that enhances the immunosuppressive function of MSCs.
Using data compiled from publications using the same MSC lines used in this study (12, 38, 41) , we directly compared the potential predictive power of several commonly used MSC markers to that of the morphological features identified in this study. We found that only the morphological features (upon 24-h IFN-γ stimulation) significantly correlated with immunosuppressive capacity, whereas the expression of traditional MSC surface markers and trilineage differentiation capacity were not significantly correlated with our AUC results (Table S4) . These results emphasize the importance of using functionally relevant assays to more effectively predict the immunosuppressive capacity of an MSC population. Other researchers could potentially use this morphological profiling approach to better characterize their cell lines and predict the immunosuppressive capacity of different cell lines as well as the effect of changes in manufacturing conditions (i.e., culturing conditions) on immunosuppressive capacity by quantifying morphological responses of cells to IFN-γ.
MSCs expanded with different manufacturing processes did not demonstrate the same correlation as our original dataset (Fig. S3) . However, unique morphological features that correlated with immunosuppression were identified for these MSC lines. Although we tested fewer MSC lines expanded by this second manufacturing process, this result may indicate that morphological characterization must be performed with each manufacturing process to establish useful criteria for identifying MSC preparations with desired immunosuppressive potential. Similarly, MSCs from other tissue sources (adipose, umbilical cord, dental pulp) may possess tissue-specific morphological phenotypes and responses that will need to be characterized to identify potential morphological quality attributes unique to these cell types (42) . As this study tested only three MSC lines produced by this second manufacturing process, further study will be required to confirm that unique morphological profiles are correlated with immunosuppressive capacity in bone marrowderived MSC lines produced by varying sources or manufacturing processes. This work also demonstrated that changes in morphology were not only associated with inherent immunosuppressive capacity, but could also be used to determine the effects of IFN-γ pretreatment on MSC immunosuppression (Fig. 6 ). Using our AUC analysis, we observed consistent enhancement of immunosuppression for eight MSC lines when samples were stimulated with IFN-γ for 24 h before coculture with PBMCs. The presence of this conserved trend of enhanced immunosuppression could be predicted based on the overall difference in morphological signatures (Fig. 4, control vs. stimulated) . Furthermore, the magnitude of this enhancement highly correlated with the differential features perimeter nucleus and major axis length nucleus (Fig. 6 G and  H) . Nuclear morphology relates to stemness and differentiation (43, 44) , and there is direct coupling of the nucleus to the cytoskeleton through proteins such as Lamin A/C (44, 45) . Evidence suggests that nuclear morphological changes associated with a biological function may be mediated by epigenetic modifications (46) (47) (48) . The effect of IFN-γ stimulation on permissive chromatin (at the IDO promoter) associated with MSC immunosuppressive function was demonstrated recently with several of the MSC lines used in this study and may be related to the change in nuclear morphology associated with IFN-γ treatment (47) . This further supports the notion that nuclear morphological data can be informative of MSC immunosuppressive capacity and treatment conditions that enhance this capacity. Again, as was the case with our osteogenic morphological analysis (12), larger differential values (i.e., a greater morphological response to IFN-γ) correlated with a reduced functional response to stimulation. Using this technique, a high-throughput assessment of stimulatory regimens could be performed by analyzing the morphological response of MSCs, which could facilitate discovery of optimal conditions for preconditioning MSCs for immunotherapies. This approach could potentially identify "personalized" stimulatory regimens for a given patient or disease indication and result in improved clinical outcomes using autologous or allogeneic MSC-based products.
Although derived from high-content, single-cell measurements, our morphological correlations with immunosuppression still represent population-based techniques, which require further investigation and refinement to better address inherent characterization difficulties associated with MSC heterogeneity. Preliminary evidence exists that demonstrates morphological subpopulations with distinct functional capacities (proliferation and differentiation), and continued investigations into the emergence of heterogeneity will facilitate improved characterization and understanding of cell therapy products (49) (50) (51) . Improvements on single-cell morphological analysis using high-dimensional singlecell classification techniques such as SPADE or viSNE could allow for identification of morphologically distinct subpopulations of MSCs that could be enriched for immunotherapies (52) . These approaches could also provide insight into the progression and establishment of MSC heterogeneity as it relates to differences in donor (or tissue) source and in manufacturing (40, 53) . Advancements in live-cell tracking and monitoring in vitro would further allow for direct correlation of early morphological phenotypes with assay outcomes (15, 54) .
Improved understanding of morphological signatures in the context of stem cell heterogeneity and specific biological functions will supplement current MSC characterization methods used in clinical applications involving immunomodulation. Morphology has been identified in many studies as a predictive marker of osteogenic capacity (15, 16) ; however, limited research exists that demonstrates a correlation of morphology with other MSC functions such as immunosuppression. Further improvement on the methods for morphological assessment and applicability across multiple donors is necessary to fully demonstrate its possible utility as a predictor of not only in vitro but also in vivo MSC immunosuppressive capacity. This work also provides further insight into the establishment of analytical approaches making use of an MSC internal "reference cell line" (8), as we were able to determine the relative immunosuppressive capacity of validation MSC lines based on normalization of data acquired from MSCs and PBMCs derived from different donors. Our development of predictive models of in vitro immunosuppression based on morphological data followed by successful application to new MSC lines lays the foundation for further study into identifying morphological signatures that can predict MSC potency.
Materials and Methods
Cell Lines and MSC Manufacturing/Expansion. Human bone marrow-derived stem cells were obtained from six different donors purchased from Lonza (127756, 167696, 8F3560) and AllCells (PCBM1632, PCBM1641, PCBM1662) at passage 2 (see Table S1 for donor specifications). Additional cell lines used for validation are described in Tables S2 and S3 . MSC culture conditions were chosen based on well-established protocols (55) . Most of the MSC lines used in this study have been extensively characterized and further information about the donors' surface marker expression, genomic, epigenetic, and proteomic profiles, as well as performance in multiple bioassays for MSC function has been published previously (12, 38, 47, 48, (56) (57) (58) . Detailed MSC culturing and expansion methods are described in SI Materials and Methods. All cell lines used in this work possessed viability >95% (assessed using Trypan Blue) before plating for immunosuppression coculture and morphological assessment.
Quantitative Assessment of MSC Immunosuppressive Capacity. PBMCs from healthy human donors (10 5 per well) were stimulated with an equal number of T-cell-activating beads (Life Technologies; 11131D) in the presence of five concentrations of each MSC line (500, 1,000, 2,000, 5,000, and 10,000 cells per well) in 96-well plates. After 3 d, PBMCs were harvested and activation was assessed in both CD4 + and CD8 + T cells by proliferation (CFSE dilution), CD25 expression, and production of IFN-γ and TNF-α. PCA was used to generate a composite T-cell activation metric (PC1) using all available flow cytometry data for a given experiment. Transformed PC1 values were then plotted over MSC concentration for each MSC line, and the AUC calculated from these plots was used to quantify the immunosuppressive capacity of each MSC line. AUC values are inversely proportional to immunosuppressive capacity, and all AUC values were transformed for ease of presentation such that a hypothetical MSC line that showed complete immune suppression at all concentrations would have an AUC of 0, and an MSC line with no immunosuppressive capacity would have an AUC value of 100. More detailed descriptions of this experimental and analytical approach are found in SI Materials and Methods and Tables S5-S7. All MSC and PBMC samples were purchased from commercial sources with appropriate informed consent as indicated on the certificates of analysis. Research on commercially obtained human cell lines is exempt from FDA IRB (Research Involving Human Subjects Committee) oversight.
Determination of an Overall MSC Morphological Signature. For MSC morphological analysis, cells were seeded at a density of 1,000 cells per well (four total wells per experimental group) in 12-well plates (Corning) and cultured for 24 h in growth medium. Growth medium was replaced with growth medium containing 0, 10, or 50 ng/mL IFN-γ (Life Technologies) and cultured for an additional 24 h and then fixed with 4% (wt/vol) paraformaldehyde for 15 min. Cell and nuclear morphology were assessed using fluorescein (FITC)-maleimide (Life Technologies) and Hoechst (Sigma-Aldrich), respectively. Briefly, fixed samples were incubated with 20 μM FITC-maleimide for 30 min, washed with PBS, incubated with 1 mg/mL Hoechst for 5 min, and washed with PBS before imaging. Samples for morphological analysis were imaged using an inverted Nikon Ti-U microscope with automated stage (Prior) and filters (Chroma Technology). At least 1,000 cells were assessed for each experimental group, with approximately equal numbers of cells analyzed from each of four replicate wells. Automated quantification of cellular and nuclear shape features was performed using CellProfiler (59) to obtain quantitative morphological data for each cell consisting of 46 cellular shape features and 46 nuclear shape features (Tables S8 and S9 ). Overall morphological signatures were constructed for each group by taking the median value of the 93 total cellular and nuclear features in each IFN-γ condition for a total of 279 morphological features. More detailed descriptions of this experimental and analytical approach are found in SI Materials and Methods and Table S6 .
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